Background: Despite meta-analytic evidence for the association between attention-deficit/hyperactivity disorder (ADHD) and overweight/obesity, the mechanisms underlying the association are yet to be fully understood. Methods: By linking multiple Swedish national and regional registers, we identified 472,735 index males born during 1973-1992, with information on body weight and height directly measured before they were conscripted for military service. We further identified 523,237 full siblings born during 1973-2002 for the index males. All individuals were followed up from their third birthday to December 31, 2009 for ADHD diagnosis. Logistic regression models were used to estimate the association between overweight/obesity in index males and ADHD in their full siblings. Results: Siblings of index males with overweight/obesity had increased risk for ADHD (overweight: OR = 1.14, 95% CI = 1.05-1.24; obesity: OR = 1.42, 95% CI = 1.24-1.63), compared with siblings of index males with normal weight. The results were adjusted for birth year of the index male and sex of the sibling. After further adjustment for ADHD status of the index male, the familial coaggregation remained significant (overweight: OR = 1.13, 95% CI = 1.04-1.22; obesity: OR = 1.38, 95% CI = 1.21-1.57). The results were similar across sex of the siblings. Conclusions: Attention-deficit/hyperactivity disorder and overweight/obesity share familial risk factors, which are not limited to those causing overweight/obesity through the mediation of ADHD. Future research aiming at identifying family-wide environmental risk factors as well as common pleiotropic genetic variants contributing to both traits is warranted.
Introduction
The worldwide prevalence of attention-deficit/hyperactivity disorder (ADHD) is estimated to be 3.4-7.2% in children and adolescents (Polanczyk, Salum, Sugaya, Caye, & Rohde, 2015; Thomas, Sanders, Doust, Beller, & Glasziou, 2015) and 2.5-3.4% in adults (Fayyad et al., 2007; Simon, Czobor, Balint, Meszaros, & Bitter, 2009) . ADHD is associated with increased risk of severe adverse outcomes in multiple domains, resulting in substantial negative influence on affected individuals, their families, and society at large (Chorozoglou et al., 2015) .
During the last few decades, many countries have documented an increase in the body mass index (BMI) of their populations (Neovius, Janson, & Rossner, 2006; Neovius, Johansson, Kark, Tynelius, & Rasmussen, 2013; Wang & Beydoun, 2007) . The prevalence of obesity in adults has been estimated to be more than 10% in Sweden (Neovius et al., 2013) and 34.9% in the United States (Ogden, Carroll, Kit, & Flegal, 2014) . Given its adverse impact on health and quality of life, obesity imposes considerable economic burden to individuals and public health systems (Muller-Riemenschneider, Reinhold, Berghofer, & Willich, 2008) .
Despite meta-analytic evidence for the association between ADHD and obesity both in children/adolescents [odds ratio (OR): 1.20] and adults (OR: 1.55; Cortese et al., 2015) , the mechanisms underlying the association are yet to be fully understood. The impulsive and inattentive components of ADHD might have direct effects on obesity through the mediation of disordered eating patterns and poor planning, respectively (Cortese & Castellanos, 2014) . Comorbid psychiatric conditions, such as depression, anxiety, and substance use disorder, might act as confounders and to some extent account for the association between ADHD and obesity (Cortese et al., 2015; Gariepy, Nitka, & Schmitz, 2010; Luppino et al., 2010) . Given that both ADHD and obesity are highly heritable complex conditions (Chang, Lichtenstein, Asherson, & Larsson, 2013; Faraone et al., 2005; Locke et al., 2015) and have been found their respective familial aggregation, familial risk factors may predispose individuals to both conditions (Campbell & Eisenberg, 2007) . To date, however, there is a lack of evaluation on the familial coaggregation of ADHD and overweight/ obesity in a population-based family sample. The presence of familial risk factors common for both ADHD and overweight/obesity has not been rigorously tested.
Using data from the Swedish national and regional registers, we aimed to first estimate the association between ADHD and overweight/obesity among males, and then to examine whether ADHD and overweight/obesity share familial risk factors via demonstrating the familial coaggregation of the two conditions in these males and their full siblings. Finally, we tested the hypothesis that the shared familial risk factors are not limited to those causing overweight/obesity through the mediation of ADHD.
Methods

Data sources and study population
The Swedish Medical Birth Register provides information on approximately 98% of all births in Sweden since 1973 (Cnattingius, Ericson, Gunnarskog, & Kallen, 1990) . The Swedish Military Service Conscription Register contains information on physical and cognitive examination for Swedish males at approximately 18 years of age since 1968 (Gale et al., 2013) . Males with foreign citizenship, severe medical condition, or intellectual disability were excused. By linking the two registers via unique personal identity numbers, we identified 472,735 males born in Sweden between 1973 and 1992, with information on body weight and height directly measured before they were conscripted for military service. We used these males as index persons to ascertain full sibships.
The Swedish Multi-Generation Register links those individuals born in Sweden since 1932 who were alive and living in Sweden on January 1, 1961 to their biological parents (Ekbom, 2011) . Using this register, we further identified 523,237 full siblings (48.5% females) for the index males. An index male and his full siblings shared both of their biological parents. The siblings of the index males were born in Sweden between 1973 and 2002 and living in Sweden during the years covered by this study. All individuals were followed up from their third birthday to December 31, 2009, when the youngest individuals were at age 7 and the oldest were at age 37. The study was approved by the research ethics committee at Karolinska Institutet, Stockholm, Sweden.
Definition of ADHD
Individuals with ADHD were identified from the Swedish National Patient Register (SNPR), the Swedish Prescribed Drug Register (SPDR), and the Clinical Database for Child and Adolescent Psychiatry in Stockholm (Pastill). The SNPR contains discharge dates and diagnoses for psychiatric inpatient care since 1973 and outpatient visits to specialists since 2001 (Ludvigsson et al., 2011 (Lundh, Forsman, Serlachius, Lichtenstein, & Landen, 2013) . Individuals who, at any point before January 1, 2010, received a diagnosis of hyperkinetic disorder (ICD-9: 314 or ICD-10: F90) according to the SNPR or the Pastill, or a diagnosis of ADHD (DSM-IV: 314) according to the Pastill, or a prescription of methylphenidate (N06BA04), amphetamine (N06BA01), dexamphetamine (N06BA02), or atomoxetine (N06BA09) according to the SPDR, were defined as ADHD cases.
Definitions of overweight and obesity
Data on weight and height directly measured by physician were retrieved from the Swedish Military Service Conscription Register (Batty, Whitley, Kivimaki, Tynelius, & Rasmussen, 2010) . BMI was calculated as body weight in kilograms divided by height in meters squared, and categorized into normal weight (18.5 ≤ BMI < 25), overweight (25 ≤ BMI < 30), and obesity (BMI ≥ 30) according to World Health Organization guidelines (World Health Organization, 2000) . Individuals older than 21 years of age at conscription were excluded to diminish age-related variation in BMI. Individuals with BMI below 18.5 were also excluded to avoid analyzing a possible 'U-shape' relationship between ADHD and BMI.
Measurements of covariates
In addition, family education and comorbid psychiatric conditions, including depression, anxiety, and substance use disorder, were involved as covariates. Family education was defined as the highest educational attainment of either parent. Information on family education was retrieved from the Longitudinal Integration Database for Health Insurance and Labor Market (Statistics Sweden, 2011) and categorized into elementary and upper secondary education (≤12 years), and higher education (≥13 years). Diagnoses of depression (ICD-8: 296.2, 298.0, 300.4; ICD-9: 296B, 300E; ICD-10: F32-F34), anxiety (ICD-8: 300 except 300.4; ICD-9: 300 except 300E; ICD-10: F40-F42, F44-F45, F48), and substance use disorder (ICD-8: 303-304; ICD-9: 303-305; ICD-10: F10-F19) were extracted from the SNPR and treated as binary variables (presence/ absence).
Statistical analysis
Chi-square tests were used to assess whether there was significant difference in descriptive characteristics by BMI level in index males and by ADHD status in full siblings.
Analyses in index males. Logistic regression models were used to estimate birth year adjusted ORs and 95% confidence intervals (CIs), which measured the strength of the association between ADHD and overweight/obesity among index males. The models were further adjusted for family education and comorbid psychiatric conditions. Analyses in index males and their full siblings. Logistic regression models were also used to assess the familial coaggregation of ADHD and overweight/obesity, that is, the association between overweight/obesity in index males and ADHD in their full siblings while adjusting for birth year of the index male and sex of the sibling. Familial coaggregation of the two conditions, if present, can be jointly explained by (a) familial risk factors causing overweight/ obesity through the mediation of ADHD, and (b) other familial risk factors shared by ADHD and overweight/obesity. When the models were further adjusted for ADHD status of the index male, a statistically significant positive association (OR > 1) would indicate the presence of the second type of familial risk factors (Hudson et al., 2008) . For detailed description about the rationale for the method based on a directed acyclic graph (DAG), see Figure S1 .
Sensitivity analyses. As a complementary evaluation of the familial coaggregation, we further estimated the association between overweight/obesity in index persons and their full cousins. Full cousins were offspring of index persons' uncles or aunts. In total, we identified 2,138,440 cousins (48.6% females) for the index males. Significant associations would confirm the presence of familial risk factors shared by both conditions for two reasons. First, the total number of identified cousin pairs largely exceeded that of sibling pairs, giving higher statistical power to capture the familial coaggregation, though possibly weaker, with improved certainty. Second, compared to siblings, cousins were less affected by carryover effects (i.e. the presence of one condition in an individual affects the presence of the same or a different condition in his or her relatives) that could potentially complicate the interpretation of the familial coaggregation results (D'Onofrio, Lahey, Turkheimer, & Lichtenstein, 2013; Sjolander, Frisell, KujaHalkola, Oberg, & Zetterqvist, 2016) .
We examined whether the observed familial coaggregation pertained to the entire population by conducting subgroup analyses stratified by family education level and by adding family education as an additional covariate. We repeated the main analyses first in sibling pairs with age difference less or equal to 5 years to minimize the impact of secular trends related to both ADHD and obesity, and then in sibling pairs where the index males were born before 1989 to not only reexamine the impact of secular trends but also limit the influence of missingness on BMI for index males due to the fact that the mandatory enlistment tests had been removed in 2007.
Robust standard errors were used to account for nonindependence of family-clustered data. Significance level for all the tests was set at p < .05, two-tailed. SAS software version 9.4 (SAS Institute Inc., Cary, NC) was used for data management and construction of analytic datasets. Stata software version 14 (StataCorp., 2015) was used for statistical analyses.
Results
Description of the study population
Among 472,735 index males included in the study, 384,525 (81.34%) had normal weight, 68,906 (14.58%) had overweight, and 19,304 (4.08%) had obesity. The lifetime prevalence of ADHD was 0.64% in index males and 0.87% in their full siblings. The average age difference between the index males and their full siblings was 4.54 (standard deviation = 2.92) years. Additional descriptive characteristics of index males by BMI level and full siblings by ADHD status are shown in Tables 1 and 2 .
Association between ADHD and overweight/obesity in index males Among index males, ADHD was positively associated with overweight (OR = 1.31, 95% CI = 1.19-1.44) and obesity (OR = 2.00, 95% CI = 1.74-2.30) while adjusting for birth year. After additional adjustment for family education and comorbid psychiatric conditions, the associations remained significant for both overweight (OR = 1.30, 95% CI = 1.18-1.44) and obesity (OR = 1.86, 95% CI = 1.59-2.17).
Familial coaggregation of ADHD and overweight/ obesity in full siblings
Siblings of index males with overweight/obesity were at significantly increased risk for ADHD compared to siblings of index males with normal weight (overweight: OR = 1.14, 95% CI = 1.05-1.24; obesity: OR = 1.42, 95% CI = 1.24-1.63; Table 3 ). The ORs were adjusted for birth year of the index male and sex of the sibling. Analyses stratified by sex of the full sibling generated similar results (Table 3) . After further adjustment for ADHD status of the index male, the associations remained significant (overweight: OR = 1.13, 95% CI = 1.04-1.22; obesity: OR = 1.38, 95% CI = 1.21-1.57; Table 3 ). These results indicate the presence of familial risk factors common for both ADHD and overweight/obesity.
Sensitivity analyses
Familial coaggregation of ADHD and overweight/ obesity was also observed among index males and their full cousins (Table 4) , with the results being similar for male and female cousins. Among sibling pairs, the coaggregation of ADHD and obesity pertained across family education level, whereas the coaggregation of ADHD and overweight was less robust, with the OR being nonsignificant in siblings from families of relatively lower education level (Table 4) . Analyses restricted in sibling pairs with age difference less or equal to 5 years and in sibling pairs where the index males were born before 1989 gave significant ORs (Table 4) . These results together suggest that the secular trends and the missingness on BMI of index males only exerted limited impact on the overall estimation of the familial coaggregation between ADHD and overweight/obesity. ORs were also adjusted for birth year of the index male and sex of the sibling (analyses in all full siblings).
Discussion
In this population-based cohort study, we observed a significant association between ADHD and overweight/obesity among males while taking into account the influences of family education and comorbid psychiatric conditions (i.e. depression, anxiety, and substance use disorder). Furthermore, siblings of index males with overweight/obesity were at higher risk of ADHD compared to siblings of index males with normal weight. The observed familial coaggregation was not fully explained by familial risk factors causing overweight/obesity through the medication of ADHD, and the results were also robust across several sensitivity analyses. The presence of other familial risk factors common for both conditions supports that ADHD and overweight/ obesity overlap substantively in their etiological underpinnings. Previous research on ADHD and overweight/obesity has predominantly focused on estimating the association between the two conditions (Cortese et al., 2015) , with the underlying mechanisms of the association being largely unknown. Familial risk factors shared by ADHD and overweight/obesity may explain the increased likelihood of the cooccurrence of the two conditions to the same individual as well as the coaggregation of the two conditions within the same family. Previous literature has linked the common neurobiological dysfunctions of ADHD and obesity to reward deficiency due to changes in mesolimbic and mesocortical dopamine pathways (Campbell & Eisenberg, 2007) . For example, decreased engagement of physical activity and prolonged television viewing have been observed in individuals with high BMI or ADHD (Eisenmann, Bartee, Smith, Welk, & Fu, 2008; Kim, Mutyala, Agiovlasitis, & Fernhall, 2011) , which might be explained by poor cognitive control of physical activity caused by reward deficiency (Buckley, Cohen, Kramer, McAuley, & Mullen, 2014) . It is possible that reward deficiency might act as a common distal causal component leading to the development of ADHD and overweight/obesity via different biological pathways. In addition, mutations in the melanocortin 4 receptor (MC4R) gene and brain-derived neurotrophic factor gene variants have showed possible associations with both ADHD and obesity, even though the evidence is inconsistent (Albayrak et al., 2013; Friedel et al., 2005; Shinawi et al., 2011) . A recent meta-analysis based on more than 300,000 individuals identified 97 genome-wide significance loci accounting for up to 2.7% of BMI variation (Locke et al., 2015) . Similar level of progress in molecular genetic research on ADHD has not yet been achieved (Neale et al., 2010) . By showing the evidence for the existence of shared etiological underpinnings between the two conditions, the present study may serve as an important first step leading toward a better understanding of the etiology of ADHD and, ultimately, the exploration of novel effective pathophysiologybased treatments for both ADHD and overweight/ obesity.
The strengths of the present study include the use of a population-based sample and the MultiGeneration Register, which enabled unambiguous identification of the siblings and cousins of the index males. Prospectively collected and directly measured data on body weight and height precluded recall bias. The ascertainment of ADHD cases via both clinical diagnosis and prescribed medication tend to capture individuals with severe forms of the disorder. This could to a large extent reduce the chance of false positives, even though false negatives could not be avoided. Finally, using ORs were also adjusted for birth year and ADHD status of the index male as well as sex of the relative; Overweight and obesity were compared with normal weight; Elementary and upper secondary education: education ≤ 12 years; Higher education: education ≥ 13 years.
DAG to visualize the assumed underlying mechanisms of the research question substantially facilitated the analytic process of identifying biases and making statistical adjustments. The study could not avoid certain limitations. First, the prevalence of ADHD in the present study was lower compared to previously reported by the meta-analysis (Cortese et al., 2015) . The discrepancy might be attributed to (a) the suboptimal coverage of the Swedish registers for outpatient visits before 2001 and (b) failure or delay in seeking medical care by individuals under study. The resulting misclassification of ADHD cases might dilute the estimated associations. Second, the lack of data on BMI for females did not allow further exploration of the familial coaggregation of ADHD and overweight/ obesity among index females and their relatives. Such familial coaggregation has been suggested in one sibling-comparison study showing that familial factors shared by mothers and their offspring at least in part explain the overrepresentation of ADHD among offspring born to mothers with prepregnancy overweight/obesity (Chen et al., 2014) . Third, we did not make distinction between medicated and unmedicated index males. Stimulant medications may influence BMI of children and adolescents due to their documented side effects, such as reduced appetite and small delays in growth (Faraone, Biederman, Morley, & Spencer, 2008) . Although future work should address issues concerning the effects of medications on the associations under study, they are unlikely to have accounted for our significant findings.
In conclusion, ADHD and overweight/obesity share familial risk factors, which are not limited to those causing overweight/obesity through the mediation of ADHD, indicating that ADHD and overweight/obesity might be different manifestations of substantively overlapped pathophysiology. Future research aiming at identifying family-wide environmental risk factors as well as common pleiotropic genetic variants contributing to ADHD and overweight/obesity is warranted and may reveal valuable insights into novel treatment approaches for both conditions.
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